Abstract Generalized low bone mass and osteopenia in both axial and peripheral skeletons have been reported in adolescent idiopathic scoliosis (AIS). However, the mechanism and causes of bone loss in AIS have not been identified. Therefore, this study examined the relationship between the osteogenic and adipogenic differentiation abilities of mesenchymal stem cells (MSCs) and bone mass in 19 patients with AIS and compared these with those of 16 age-and gender-matched patients with lower leg fracture. Mean lumbar spinal bone mineral density (LSBMD) in AIS patients was found to be lower than in controls (P = 0.037) and the osteogenic differentiation abilities and alkaline phosphatase activities of MSCs from patients were also found to be lower than those of controls (P = 0.0073 and P = 0.001, respectively), but the abilities of the MSCs of patients and controls to undergo adipogenic differentiation were similar. The osteogenic differentiation ability was found to be positively correlated with alkaline phosphatase activity in the AIS group. However, the osteogenic and adipogenic abilities were not found to be correlated with LSBMD in either patients or controls. These findings suggest that the decreased osteogenic differentiation ability of MSCs might be one of the possible mechanisms leading to low bone mass in AIS. However, we did not determine definite mechanisms of low bone mass in AIS. Therefore, further study with large scale will be needed to identify the mechanism involved.
Introduction
Adolescent idiopathic scoliosis (AIS) is a complex threedimensional deformity of the spine that usually occurs mostly in girls between the ages of 10 and 14. The etiology and pathogenesis of idiopathic scoliosis remain unclear despite the number of studies performed. Furthermore, the cause of scoliosis is believed to be multifactorial because of the known associations between the development of scoliosis and growth, hormonal secretion, gravity, and other factors [1, 10, 11, 13, 16, 17, 19, 27, 29, 31] . However, none of these factors has been conclusively shown to have a causative role in the development of AIS.
The association between osteopenia and idiopathic scoliosis was first reported by Burner et al. [3] in 1982 using the Singh index. Generalized reduced bone mass and osteopenia in both axial and peripheral skeletons have been reported in AIS [4, 6, 8, 28, 30] and abnormal histomorphometric bone cell activity has been reported in bone biopsies in AIS [7] . Low bone mass in AIS patients is likely to persist through to adulthood [5] and there is a growing concern that adolescents with idiopathic scoliosis have a lower peak bone mass, which would increase the risk of osteoporosis development and its related complications in later life [5, 6] . However, the mechanisms and causes of bone loss in AIS have not been identified.
Osteoporosis is characterized by a reduction in skeletal mass caused by an imbalance between bone resorption and bone formation. Furthermore, it is generally recognized that osteoporosis is characterized by a reduced boneforming ability that is mediated by functional defects and reduced numbers of osteoblasts and their precursors [18] , and it has been suggested that the functional characteristics of mesenchymal stem cells (MSCs) and changes in the regulation of their differentiation pathway may have important implications in some osteogenic disorders [12, 21] . It has also been postulated that age-related defects in osteoblast numbers and functions may be due to quantitative and qualitative stem cell defects [2] . Rodriguez et al. [24] postulated that the osteogenic alterations, associated with osteoporosis, may be explained in part by changes in the functional dynamic response of progenitor bone cells. Nuttall et al. [21] reported that the reduced bone volume associated with osteoporosis is accompanied by increased adipose tissue formation in marrow. In addition, Rodriguez et al. [24] found that increased bone marrow adipocyte production in osteoporosis is counterbalanced by diminished osteogenic cell production and several studies have suggested a relationship between senile osteoporosis and activities of MSCs. However, few studies have addressed the associations between the osteogenic and adipogenic differentiation abilities of MSCs and bone mass in AIS. Accordingly, we undertook to study the relationships between the osteogenic and adipogenic differentiation abilities of MSCs and bone mass in AIS girls and compared these with corresponding relations in healthy controls.
Materials and methods
We studied 19 adolescent girl patients who had been admitted to our department for the surgical correction of scoliosis. The Cobb angles of the curves were measured on plain radiographs. All patients aged between 11 and 14 years presenting to the adolescent idiopathic scoliosis were asked to voluntary provide bone marrow (BM) for measurement of MSCs activities and to examine a bone mineral density of lumbar spine and proximal femur. Sixteen age-and gender-matched patients with lower leg fracture were used as the control group. All the control subjects had a straight spine and a normal forward bending test on the physical examination with no history of spinal disease. Subjects with a history of congenital deformities, neuromuscular disease, endocrine disease, skeletal dysplasia, connective tissue abnormalities or mental retardation were excluded from the study. All subjects and their parents provided informed consent before the examination and measurements. The study was approved by the Clinical Research Ethics Committee of the university and the hospital.
Anthropometric measurement
Anthropometric measurements included body height and body weight. A standard standing whole spine anteroposterior radiograph was taken for each AIS patient. A standard technique was used for the measurement of the Cobb's angle. For AIS patients, corrected height was derived from Bjure's formula (log y = 0.011x -0.177, where y is the loss of trunk height (cm) due to the deformed spine and x is the greatest Cobb angle of the primary curve) [5] . Body mass index (BMI) was determined by dividing weight (kg) by the square of the uncorrected height (m 2 ).
Dual energy X-ray absorptiometry
Lumbar spinal bone mineral density (LSBMD) and femoral neck BMD (FNBMD) of the non-dominant proximal femur were measured by dual-energy X-ray absorptiometry (DEXA) (XR-36; Norland Corp., Fort Atkinson, WI). LSBMD was measured in L1 through L4 with anteriorposterior view. The scoliotic curvature of the spine in AIS patients may present difficulties in measuring the spinal BMD reliably. To minimize this problem, the amount of rotation in patients with AIS was determined by prescanning of the spine and then the LSBMD was measured in the neutral position [28] .
Measurement of osteogenic and adipogenic differentiation abilities
Mononuclear cells were separated from BM by centrifugation in a Ficoll-Hypaque gradient (density = 1.077 g/cm 3 ; Sigma, St. Louis, MO), suspended in alpha-modified essential medium (a-MEM) containing 20% fetal bovine serum (FBS), and were seeded at a concentration of 1 9 10 6 cells/cm 2 . The cultures were maintained at 37°in a humidified atmosphere containing 5% CO 2 . Colonies of fibroblastic cells began to appear in culture flasks at 5-7 days after plating BM-nucleated cells from the iliac crest. The patient-derived MSCs formed colonies in primary culture that had characteristic, spindle-shaped morphologic features. When monolayers of adherent cells had reached 80% confluence, cells were trypsinized (0.25% trypsin; Sigma), and resuspended in a-MEM containing 20% FBS and subcultured at a concentration of 1 9 10 3 cells/cm 2 . The cells were expanded in vitro by successive subculturing and then used in the described experiments.
To examine expressions of cell surface markers, cells were fixed with 4% paraformaldehyde for 10 min and then permeabilized with 0.1% triton X-100 for 10 min. The blocking and dilution solution used, consisting of phosphate-buffered saline (PBS), 1% bovine serum albumin (BSA), and 1% serum (Sigma) from similar species in which the secondary antibodies had been raised. The slides were blocked for 30 min, incubated sequentially for 30 min each with the antibodies against CD29-PE (1:100), CD44-FITC (1:100), CD133 (1:100), CD34 (1:100), or CD14(1:100), and fluorescein-or phycoerythrin-coupled anti-mouse or anti-mouse immunoglobulin G (IgG) antibodies. Between each step, slides were washed with PBS plus 0.3% BSA.
The MSCs from initial third passages were harvested to 90% confluence and counted. The period for doubling the cell number was determined after plating the constant number of cells (1 9 10 3 cells/cm 2 ) to a 12-well plate. After plating a constant number of cells in 12-well plates, osteogenic differentiation was induced by culturing MSCs of confluent state for 2 weeks in an osteogenic medium (10% FBS, 0.1 lmol/l dexamethasone, 10 lmol/l b-glycerophosphate, and 50 lg/ml ascorbic acid in a-MEM). Degrees of extra-cellular matrix (ECM) calcification were quantified by alizarin red S staining. Osteogenic differentiation was quantified by measuring areas stained with alizarin red S using an image analysis program (Meta Morph, Universal Imaging, Downing-town, PA). Measurements were performed in duplicate, and experiments were repeated three to four times. To measure alkaline phosphatase activities, cells were washed twice with Tris-buffered saline (50 nmol/l Tris and 150 mmol/l NaCl; pH 7.4), scraped off plates, and lysed by sonication. Cell lysates were reacted at 37°C for 1 h in a buffer containing 0.1 mol/l 2-amino-2-methyl-1,3-propanediol, 5 mmol/l MgCl 2 (pH 10.0), and 10 lmol/l p-nitrophenylphosphate. Alkaline phosphatase activities were expressed as mol p-nitrophenol/min/mg protein. Protein contents were determined using a protein assay kit (Bio-Rad, Hercules, CA) with BSA as the standard.
After plating a constant number of cells in 12-well plate, MSCs were grown until confluent. No differences in cell sizes were evident between patients and control (data not shown). Adipogenic differentiation was induced by culturing the MSCs for 2 weeks in an adipogenic medium (10% FBS, 1 lmol/l dexamethasone, 100 lg/ml 3-isobutyl-1-methylxanthine, 5 lg/ml insulin, and 60 lmol/l indomethacin in a-MEM), and was assessed by an Oil Red O (Sigma) staining as an indicator of intracellular lipid accumulation. Cells were fixed in 4% neutral buffered formalin for 10 min followed, washed with 3% isopropanol, incubated with newly filtered Oil Red O staining solution for 1 h at room temperature, and rinsed with double-distilled H 2 O. To obtain quantitative data, 1 ml of isopropyl alcohol was added to stained culture dishes.
Optical densities of Oil Red O staining were measured at 405 nm.
Statistical analysis
Statistical analysis was performed using SPSS 11.5 software for Windows (SPSS, Chicago, IL). Data were expressed by mean ± standard deviation. Groups were compared using the Mann-Whitney test and the correlations were determined using Pearson's or Spearman's correlation, as appropriate. A P \ 0.05 was regarded as statistically significant. Table 1 presents a summary of the results of the AIS patients and controls. Mean weight, BMI and corrected BMI for patients were 41.6 ± 4.0 kg, 17.4 ± 1.5 kg/m 2 and 17.1 ± 1.6 kg/m 2 , respectively, and mean weight and BMI for controls were 43.3 ± 6.7 kg and 18.3 ± 2.7 kg/m 2 . There was no significant difference of the mean weight, BMI and corrected BMI between two groups. Mean LSBMD and FNBMD for patients were 0.714 ± 0.057 g/cm 2 and 0.728 ± 0.043 g/cm 2 , respectively, and for controls 0.765 ± 0.072 g/cm 2 and 0.739 ± 0.074 g/cm 2 , respectively. The mean LSBMD in patients with AIS was decreased compared with that in controls (P = 0.037). There was no significant difference in FNBMD between the AIS and the control subjects.
Results
Surface marker expressions on MSCs were determined by immunocytochemistry using CD29-PE, CD44-FITC, CD34, CD14, and CD133 monoclonal antibodies in the undifferentiated state. MSCs were found to express CD29-PE and CD44-FITC, MSC markers (Fig. 1a, b) , but not express the CD34, CD14, or CD133, hematopoietic cell markers.
MSCs were differentiated toward the osteogenic and adipogenic lineages using lineage-specific induction factors to examine their multilineage capacities. ECM calcification was assessed in MSCs by alizarin red S staining; calcified regions in cell monolayer were stained red. Consistent with osteogenesis, several red regions were observed in MSCs treated for 2 weeks in osteogenic medium (Fig. 1c) . No calcification was observed in undifferentiated MSCs (Fig. 1d) .
To determine if MSCs underwent adipogenesis, the cells were cultured in adipogenic medium and stained with Oil Red O. Significant fractions (approximately 80%) of the cells were found to contain many intracellular lipid-filled droplets that accumulated Oil Red O (Fig. 1e) , but no lipid droplets were observed in undifferentiated MSCs (Fig. 1f) .
The doubling time of the MSCs obtained from AIS patients was similar to that of the controls. A comparison of the osteogenic differentiation abilities of MSCs from the patients and controls revealed a decrease (P = 0.0073) in the osteogenic differentiation abilities of MSCs from patients. Furthermore, the alkaline phosphatase activities of MSCs from patients were significantly lower than those of control (P = 0.001). However, MSCs from patients and controls were similarly able to undergo adipogenic differentiation. 18:1920-1926 1923 Correlations between variables are summarized in Tables 2 and 3 . Chronological age was positively correlated with FNBMD in the patients and with LSBMD and FNBMD in controls. LSBMD was positively correlated with FNBMD in both groups. However, the BMI was not correlated with any parameter in either group. Osteogenic differentiation ability was positively correlated with alkaline phosphatase activity in patients, but osteogenic and adipogenic abilities were not correlated with LSBMD and FNBMD in either group.
Discussion
A generalized low bone mass and osteopenia in both the axial and peripheral skeletons in AIS have been reported [4, 6, 8, 28, 30] . However, the exact mechanisms of bone loss in AIS patients are not fully identified. Studies have shown that BMD in children can be affected by factors like body weight, height, physical activity, or nutrition status [14, 15, 20, 25] . Regular exercise has also been reported to significantly increase peak bone mass [14, 20] . The relationship between AIS and low body-weight may indicate disordered eating and is thus a cause for concern, particularly in the light of the well-established relationship between eating psychopathology and osteoporosis [26] . However, no significant difference was found in physical activity between the AIS and the controls [6] . The present study showed that BMI was not correlated to any variable in either study group. It is generally accepted that BMD is influenced by body weight, height, and BMI. The current study did not show any correlations of BMD with other factors such as BMI, doubling time, alkaline phosphatase activity, osteogenic and adipogenic differentiation abilities. Nevertheless, the chronological age had significant correlations with BMD in both groups. However, the number of patients included was relatively small in our study; therefore, our results should be confirmed by a larger population-based study.
Many studies have addressed the relationship between MSCs activity and osteoporosis, but few have examined the association between MSC activity and bone mass in AIS. Therefore, we studied the relationship between MSC activity and bone mass in AIS girls and compared these findings with those of healthy controls.
MSCs isolated from osteoporotic donors demonstrate functional differences. Osteoporotic cells have lower proliferation rates than control cells, and respond differently to insulin-like growth factor-1 (IGF-1) [24] . For example, control MSC numbers were found to increase two-to threefold in response to different concentrations of IGF-1, whereas MSCs derived from osteoporotic donors did not proliferate across a wide IGF-1 concentration range. In this study we did not observe differences in response to IGF-1 expressed by AIS and control cells. Results of our study showed that the proliferation rate of the MSCs obtained from the patients with AIS was similar to that of the control subjects. Another important functional difference observed between the MSCs of osteoporotic patients and controls concerns their abilities to respond to stimuli that induce differentiation to the osteogenic lineage [9, 22, 24] . Thus, only MSCs derived from control donors cultured under osteogenic condition differentiate into osteogenic lineage as evidence the increased alkaline phosphatase activity and calcium phosphate deposition. Also, MSCs derived from osteoporotic donors may have a diminished ability to differentiate into the osteogenic lineage concomitant with an increased ability to differentiate to others cell phenotypes, like adipocytes [9, 21, 23, 24] . Thus, clinical and in vitro observations document an inverse relationship between adipocyte and osteoblast. In osteoporotic patients, increase bone marrow adipose tissue correlates with decreased trabecular bone volume [12] . The results of our study revealed that the MSCs obtained from the AIS patients had decreased osteogenic differentiation ability and alkaline phosphatase activity compared with the cells obtained from the control subjects, but the ability of the MSCs from the patients with AIS to undergo adipogenic differentiation was similar to that of the control subjects. The LSBMD in AIS patients was decreased compared with that in control subjects. The osteogenic differentiation ability was positively correlated to alkaline phosphatase activity in the AIS group. However, the osteogenic and adipogenic differentiation abilities were not correlated to LSBMD and FNBMD in both groups. These results might impose the assumptions that the decreased osteogenic differentiation ability of MSC might be one of the possible mechanisms leading to low bone mass in AIS.
Some potential limitation of this study should be considered. Firstly, the number of patients included was relatively small. To reflect the true levels of differentiation abilities of MSCs in BM, studies with larger patient numbers should be performed. Secondly, it is well known that the decreased osteogenic differentiation and proliferation abilities are shown in osteoporotic woman. However, these levels are not specific for delineation of disease conditions. In the current study, the AIS patients revealed the reduction of osteogenic differentiation ability. Nevertheless, with these changes of the osteogenic differentiation ability, it might be difficult to distinguish the AIS from other disease conditions. Thirdly, the results of our study revealed that the osteogenic differentiation ability of MSCs and LSBMD in AIS patients were lower than in controls. The positive correlation between osteogenic differentiation ability of MSCs and LSBMD is required to support the pathogenesis and cause of low bone mass in AIS patients, but the osteogenic differentiation ability of MSCs was not correlated to LSBMD in this study.
In summary, we attempted to determine the low BMD, to measure the MSCs activities, and to find the correlation between BMD and MSCs activities in AIS. The MSCs obtained from the AIS patients had decreased osteogenic differentiation ability and alkaline phosphatase activity 18:1920-1926 1925 compared with the cells obtained from the control subjects but ostoegenic differentiation ability did not tend to be related to BMD. Our data suggest that the decreased osteogenic differentiation ability of MSC might be one of the possible mechanisms leading to low bone mass in AIS. However, we did not determine definite mechanisms of low bone mass in AIS. Therefore, further study with large scale will be needed to identify the mechanism involved.
